OBJECTIVE: To examine whether lipoprotein subfractions are associated with age-related changes in visceral obesity and maximal aerobic ®tness in women athletes. SUBJECTS AND MEASUREMENTS: Body composition was measured using dual energy X-ray absorptiometry (DEXA) and a single slice computed tomography (CT) scan of the abdomen of 39 women athletes (age: 18 ± 69 y, body mass index (BMI): 19 ± 24 kgam 2 ). Lipoprotein lipids were measured in plasma drawn after a 12 h fast using nuclear magnetic resonance (NMR) spectroscopy, which quanti®es lipoprotein subfractions by the spectroscopic differences exhibited by lipoprotein particles of various sizes. RESULTS: Total cholesterol (r 0.42; P`0.01) and low-density lipoprotein cholesterol (LDL-C) (r 0.32; P 0.05) correlated positively with age, even after adjustment for age-related decreases in maximal aerobic ®tness (VO 2 max) and increases in the intra-abdominal fat area. There were no relationships between any of the lipoprotein subfractions or sizes with age. Very-low-density lipoprotein (VLDL) size and VLDL2-TG correlated with total fat mass (r 0.40 and r 7 0.43, respectively; P`0.05) and with intra-abdominal fat area (r 7 0.47 and r 0.43, respectively; P`0.01), but not independently of total fat mass. Total cholesterol and LDL-C were negatively related to maximal aerobic ®tness (VO 2 max) (r 7 0.37 and r 7 0.33, respectively; P`0.05), while low-density-lipoprotein (LDL) size was positively related to VO 2 max (r 0.35, P`0.05). CONCLUSIONS: These results suggest that age-associated changes in lipoprotein concentrations are probably, in part, due to primary aging, rather than age-related changes in abdominal obesity and aerobic ®tness.
Introduction
Plasma concentrations of total cholesterol, low-density lipoprotein cholesterol (LDL-C) and triglycerides (TGs) increase with age in both men and women. 1 ± 3 The age-associated changes in lipoprotein concentrations could be due to primary aging, secondary aging (lifestyle) or tertiary aging (disease). A number of mechanisms have been proposed for these age-associated changes in lipoprotein concentrations, including increases in total and abdominal obesity, a decrease in aerobic ®tness, and decreases in the number and function of the hepatic low-density lipoprotein (LDL) receptor. 4 ± 7 Relatively recent evidence suggests that total plasma cholesterol and its lipoprotein constituents may not be the best indicators of coronary heart disease (CHD) risk. Each lipoprotein is comprised of heterogeneous particles which are distinguished by differences in size, density and atherogenic risk. 8 ± 10 Thus, individuals with similar concentrations of verylow-density lipoprotein triglyceride (VLDL-TG), LDL-C and high density lipoprotein cholesterol (HDL-C) could have a markedly different risk for CHD, based on their lipoprotein subfraction distribution. Studies show that the age-associated increase in LDL-C, is typically accompanied by increases in the more atherogenic small, dense LDL-C. 9, 11 In addition, a worse lipoprotein subfraction pro®le is associated with greater abdominal obesity 12, 13 and reduced physical ®tness. 14 ± 16 Examination of age-associated changes in lipoprotein subfraction concentrations in healthy, lean women athletes, may provide insight into the roles of primary vs secondary aging, on lipoprotein metabolism. Therefore, the purpose of this study was to examine whether lipoprotein concentrations and their subfractions are associated with age-related changes in abdominal obesity (intra-abdominal fat area) and maximal aerobic ®tness (VO 2 max) in women athletes.
Methods

Subjects
Fifty-three women (ages 18 ± 69 y) were recruited from the Baltimore-Washington Metropolitan area to participate in a study of women athletes. 17 Volunteers were screened by telephone and completed a training history questionnaire to quantify her level of exercise training. On average, the women trained 12 haweek over the course of 5 ± 6 d. Young swimmers averaged 60 000 yardsaweek at an average intensity of 1:00 mina100 yards. Other swimmers averaged 14 000 yardsaweek at an average intensity of 1:20 mina100 yards. All runners averaged 27 ± 30 milesaweek at an average 7 ± 8:00 min pace per mile. The triathletes also cycled an average of 65 ± 95 milesaweek at 18 mph.
An initial screening evaluation including a physical examination, fasting blood pro®le and 2 h oral glucose tolerance test (OGTT), was performed to exclude women with diabetes, hypertension, hyperlipidemia or other medical disorders. Healthy women had to further qualify for the study by attaining an ageadjusted VO 2 max indicative of a highly trained female athlete. 18 A 5 mlakgamin difference was allowed for swimmers because VO 2 max is underestimated in swimmers tested on a treadmill. 19 Forty-three women met this criteria (18 ± 39 y !50 mlakgamin; 40 ± 49 y !45 mlakgamin; and !50 y !40 mlakgamin) and were enrolled in the study. In this study we report data on 39 athletes for whom lipid analyses were performed, using proton nuclear magnetic resonance (NMR) spectroscopy. Ten of these women were postmenopausal, but six of these were on hormone replacement therapy (HRT). The results of the study are similar when the four postmenopausal women without estrogen replacement are removed from the analyses. For comparative information, we also report lipoprotein subfraction data on 14 sedentary women of a similar age and body mass index (BMI) as athletes. Three of these women were postmenopausal and neither was on HRT. All women provided informed consent to participate in the study, according to the guidelines of the University of Maryland Institutional Review Board for Human Research.
Maximal aerobic capacity VO 2 max was measured on a motor-driven treadmill (Quinton, Seattle, WA, USA) during a progressive exercise test to voluntary exhaustion, as previously described. 17 A valid VO 2 max was obtained when at least two of these three criteria were met: 1) maximal heart rate b 90% of age-predicted maximal heart rate (220 bpm-age), 2) respiratory exchange ratio of at least 1.10 and 3) plateau in VO 2 with increasing work rate.
Body composition
Waist-to-hip ratio (WHR) was measured in duplicate and calculated as the ratio of the minimal waist circumference to the circumference of the maximal gluteal protuberance. Total body fat and fat-free mass (FFM) were measured using dual energy x-ray absorptiometry (DEXA, Model DPX-L, Lunar Radiation Corporation, Madison, WI). A single slice computed tomography (CT) scan taken mid-way between L4 and L5 was performed using a GE Hi-Light scanner (Milwaukee, WI, USA). Subjects were scanned in the supine position, with arms stretched over the head to minimize artifact. Scanning was performed at 120 kv with a slice thickness of 10 mm and a scan frame of 2 s. The intra-abdominal and subcutaneous adipose tissue areas were differentiated by encircling the abdominal muscular wall. Both adipose tissue areas were calculated from the pixel distribution with attenuation values between 7 190 and 7 30 Houns®eld units.
Lipoprotein lipids
Venous blood samples for measurement of lipoprotein lipid levels were drawn after a 12 h fast. The samples were transferred into chilled tubes containing 1 mg of ethylenediaminetetraacetic acid per cc of blood, and plasma was separated by centrifugation at 4 C. Lipoprotein lipids were measured directly using NMR spectroscopy according to the methods of Otvos and co-workers. 20 ± 22 The method quanti®es lipoprotein subfractions by the spectroscopic differences exhibited by lipoprotein particles of various sizes. A 360 megahertz NMR scanner from the Analogic Corporation that was engineered speci®cally for the purpose of analyzing whole plasma samples in narrow bore tubes, was used. The method consists of placing 0.8 ml of whole plasma in NMR scan tubes, 0.5 Â 10 cm, and these samples are automatically delivered into the sample chamber. NMR spectra are taken as frequency-domain spectra at 45 C and are 16 scan spectra taken in 45 s of acquisition time with signal to noise ratios more than adequate to permit lineshape analyses. The methyl carbon signal (0.87 ± 0.67 ppm) is analyzed to obtain all of the lipoprotein lipid, size and concentration data. NMR spectra of the methyl resonances of puri®ed lipoprotein species (®ve individual VLDL-TG, LDL-C and HDL-C subpopulations), the purity of which has been veri®ed with independent techniques (including gradient gel electrophoretic analysis for homogeneity and negative stain electron microscopy for size), were used to obtain the appropriate linear least-squares best ®t for analysis of the NMR methyl signal. The LDL particle sizes measured by NMR are standardized to measurements made by negative stain electron microscopy of isolated, puri®ed human LDL-C. The particle sizes are smaller than those reported using gradient gel electrophoresis because the standardization of the gradient gels is not based on true LDL particle sizes, but on protein standards which may not accurately re¯ect true LDL size. However, there is no systematic error or difference between the two methods that would affect the results.
The resolution of the NMR method allows quanti®cation of chylomicron and six VLDL-TG subfractions, which are expressed in units of triglyceride concentration. In addition, intermediatedensity lipoprotein cholesterol (IDL-C), three LDL-C 23 were 0.83 for total cholesterol, 0.86 for triglycerides, 0.87 for LDL-C and 0.84 for HDL-C, based on the analyses of 53 plasma samples. In addition, LDL particle sizes determined by NMR correlate highly with LDL sizes determined by gradient gel electrophoresis (r 0.80). The reproducibility of the measurement of lipoprotein subfractions and sizes using NMR is good. The coef®cient of variation (CV) is 1 ± 3% for each of the lipoprotein concentrations and sizes measured.
Statistics
Data were analyzed using the Statview program for Macintosh (Abacus Concepts, Berkeley, CA). The data were ®rst tested for normal distribution and those variables that were not normally distributed were analyzed using non-parametric statistics (Mann-Whitney U test and Spearman Rank). Differences between athletes and controls were determined using Student's t-test. Relationships between variables were determined by linear regression analyses with calculation of Pearson Product correlation coef®-cients. Multiple regression analyses were used to determine the independent predictors of lipoprotein lipids. All data are presented as mean AE s.e.m. and statistical signi®cance is denoted by P`0.05.
Results
Comparison of lipoprotein subfractions in athletes and controls
The physical characteristics of the athletic and sedentary women are shown in Table 1 . The groups were of a similar mean age and body weight, but athletes had less body fat and more FFM (P`0.01). As expected, VO 2 max was greater in the athletes (P`0.0001). Athletes also had less intra-abdominal and subcutaneous fat areas (P`0.0001). Table 2 shows the TE and lipoprotein cholesterol subfractions in the athletes and sedentary controls. Total cholesterol was similar, but HDL-C was greater (P`0.05) in athletes, due to a tendency for a higher level of HDL5-C (P 0.07). Total LDL-C was lower (P`0.05) in athletes compared to controls, which was accounted for by a lower (P`0.01) LDL3-C level in the athletes. The proportion of small, dense LDL-C (LDL1-C) and the ratio of LDL1-CaLDL-C did not differ between athletic and sedentary women. However, total triglyceride, VLDL-TG, and VLDL5-TG concentrations were lower in athletes compared to controls (P`0.05) and the ratio of LDL-CaHDL-C was lower in athletes (P`0.05). Lipoprotein particle sizes did not differ between athletes and controls.
Correlates of lipoprotein subfractions in women athletes
Linear regression analyses were used to analyze the relationships among lipoprotein subfractions, age, menopausal status, total and visceral obesity, and VO 2 max in the women athletes. VO 2 max declined with age when expressed as Lamin (r 7 0.56) or as mlakgamin (r 7 0.54, P`0.01). Body weight, percent body fat, FFM, WHR, subcutaneous fat area and VO 2 max did not change with age, whereas intra-abdominal fat area increased with age (r 0.73, P`0.0001).
Associations with age and menopause. Total cholesterol (r 0.38), IDL-C (r 0.37), LDL2-C (r 0.46), VLDL5-TG (r 0.37) and VLDL size (r 0.40) correlated (P`0.05) with menopausal status, while total cholesterol and LDL-C were positively related to age (r 0.42 and r 0.31, P`0.05; Figure 1 ). In a multiple regression model with age, menopausal status and hormone use, the relationships of LDL2-C (r 0.52, P`0.01) and VLDL size (r 0.40, P`0.05) remained signi®cantly correlated with menopausal status, and total cholesterol remained correlated with age (r 0.43, P`0.05).
Associations with body composition and visceral obesity. Statistically signi®cant relationships between the lipid variables and total obesity (percent body fat and fat mass) and abdominal obesity (intra-abdominal and subcutaneous fat area) are shown in Table 3 . Only VLDL size was related to percent body fat, while VLDL2-TG, IDL-C and VLDL size correlated with body fat mass. Likewise, there was an inverse relationship between VLDL2-TG and intra-abdominal fat area, and a direct relationship between VLDL size and intra-abdominal fat area, but these were not independent of their relationship to fat mass. None of the lipid variables correlated with subcutaneous fat area, but LDL3-C correlated positively with the ratio of intra-abdominal to subcutaneous fat area (r 0.38; P`0.05).
Associations with VO 2 max. Total cholesterol and LDL-C correlated negatively with VO 2 max (r 7 0.37 and r 7 0.33, P`0.05), while LDL size correlated positively with VO 2 max (r 0.35, P`0.05) in these women athletes. (Figure 2 ). Multiple regression analyses were used to determine whether the relation of total cholesterol and LDL-C to age was independent of the decline in VO 2 max and increase in intra-abdominal fat area with age. Both total cholesterol (partial r 0.45, P`0.01) and LDL-C (partial r 0.38, P`0.05) correlated with age even after adjustment for VO 2 max and intra-abdominal fat area.
Associations among lipoprotein subfractions. Linear regression analyses were also used to determine lipid correlates of various lipoprotein subfractions (LDL1-C, VLDL-TG, VLDL5-TG, VLDL size, LDL size, HDL size) in women athletes. Figure 1 Relationship between total cholesterol and low-density lipoprotein (LDL) cholesterol and age in women athletes (n 39). 
Discussion
The purpose of this study was to determine whether the age-related increases in plasma concentrations of total cholesterol, TG and LDL-C, seen in the general population, are evident in highly-trained women athletes. Our results show that total and LDL-C, increase with age even in healthy, lean women with high levels of aerobic ®tness. Furthermore, these relationships were independent of age-related increases in intraabdominal fat area and declines in VO 2 max. These results suggest that age-associated changes in lipoprotein concentrations are probably due, in part, to primary aging, rather than lifestyle changes. However, the age-related increase in LDL-C was not accompanied by an increase in LDL1-C or LDL size, as typically seen in the general population. 9, 11 This suggests that endurance exercise training may still be protective for CHD in women, by preventing agerelated increases in small, dense LDL-C, despite increases in total LDL-C.
Since total and LDL cholesterol levels are related to abdominal obesity and aerobic ®tness, 4, 24, 25 it was possible that the increase in these lipids with age was due to age-related changes in intra-abdominal fat area or VO 2 max. Our data show that total and LDL-C did correlate with VO 2 max, but not independently of age. Furthermore, intra-abdominal fat area did not correlate with total cholesterol, LDL-C or its subfractions, eliminating it as a determinant of age-related increases in lipids in this select population. On the other hand, there was a weak, but signi®cant positive correlation between LDL size and VO 2 max, while VLDL size related directly to total and visceral obesity. Thus, individual differences in LDL size are associated with physical ®tness, whereas VLDL size may relate more to indices of obesity. Individuals with a reduced LDL particle size, are at increased risk for CHD, independent of total LDL-C levels. 8, 9, 26 Our data show women athletes had a lower total LDL-C, but this was due to a lower LDL3-C (the larger LDL-C subfraction) than untrained women. In addition, the ratio of LDL1-C to LDL-C was similar between athletes and controls. Thus, we were unable to detect any differences between sedentary and active women in the proportion of LDL-C in the smaller LDL subfraction. 
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However, the lower concentrations of total TG, VLDL-TG, and VLDL5-TG seen in the athletic, compared to the sedentary, women support a less atherogenic lipoprotein subfraction pro®le for the athletes. Epidemiologicial studies show that total TG has a direct, independent relationship with the incidence and severity of CHD. 27, 28 There is also a strong correlation between angiographic progression of coronary artery disease and VLDL-TG levels. 29 While little is known about VLDL subfraction distribution and CHD risk, there is some evidence that large VLDL-TG particles (VLDL6-TG and VLDL5-TG) are directly related to impaired chylomicron clearance which does predict risk of CHD. 27, 30 Total HDL-C was higher in the athletic compared to sedentary women, due to a tendency for a higher HDL5-C, which is the largest HDL-C subfraction. Studies show that the inverse relationship between HDL-C and CHD is mostly accounted for by the largest HDL-C particles, while levels of the smallest HDL-C particles positively correlate with CHD. 31 ± 33 Thus, women athletes with high levels of HDL-C consisting of larger HDL-C particles would have a lower risk of CHD than women with lower levels of large HDL-C particles.
Collectively, our ®ndings show that endurance exercise-trained women athletes have a less atherogenic lipoprotein subfraction distribution, as well as a more favorable total lipid pro®le, than sedentary women of a similar age and BMI. These results are consistent with previous studies investigating the effects of endurance exercise on lipoprotein subfractions in men.
14 Despite an equal LDL particle number, trained men have less small, dense LDL and more large LDL subfraction particles, than sedentary men. 15, 16 Furthermore, results from longitudinal studies in men indicate that exercise training reduces the concentration of small, dense LDL particles, increases LDL particle diameter, increases HDL 2 mass and decreases VLDL mass.
± 36
Conclusion
The strengths and limitations of this study warrant comment. Despite our relatively small sample size, the athlete and control subjects in this study are well characterized for total and visceral obesity, aerobic ®tness and lipoprotein lipid subfractions, which were measured with the most advanced technology available. However, the measurement of lipoprotein subfractions using NMR would not eliminate the possibility of differences in chemical composition with aging, obesity or ®tness. In addition, error associated with measuring total and visceral obesity and VO 2 max could potentially underestimate their contribution to age-related changes in lipoprotein subfractions. Finally, since the regression analyses were conducted in such an elite group of women athletes, the results are not generalizable to the entire population of women.
In summary, the results of this study show that plasma concentrations of total cholesterol and LDL-C increase with age even in healthy, lean athletic women, independent of age-related increases in visceral obesity and declines in aerobic ®tness. These ®ndings support the hypothesis that there are ageassociated changes in lipoprotein metabolism that cannot be totally prevented by a physically active lifestyle. However, endurance exercise training may be protective of CHD in women through its effects on lipoprotein subfraction distribution.
